The early experience of fetal surgeons with congenital CNS abnormalities laid the groundwork for the future of fetal surgery. Hydrocephalus was the first condition targeted by modern fetal interventionists in the early 1980s [1] . Prior to 1980, insufficient imaging techniques had prevented a reliable prenatal diagnosis of hydrocephalus. Hydrocephalus was often only discovered emergently at delivery due to labor arrest or uterine rupture. In the setting of these complicated deliveries, obstetricians had developed a technique to reduce the size of the fetal head by transabdominal aspiration of the ventricle. Since the goal was maternal survival, the fetus would often not survive the intervention. After prenatal ultrasound became routine, the obstetric experience with these 'transabdominal encephalocentesis' inspired the first reported fetal intervention for a prenatally diagnosed congenital CNS disorder: serial cephalocenteses for the treatment of hydrocephalus [2] . From diagnosis at 25 weeks' gestation to delivery at 34 weeks, obstetricians at Brigham and Women's Hospital (MA, USA) carried out bimonthly ventricular aspirations under sonographic guidance in a fetus with hydrocephalus. Although the procedure itself was groundbreaking, interval ventricular drainage did little to accommodate the constant production of cerebrospinal fluid. In addition, multiple aspirations increased the risk of hemorrhage and porencephaly in the undeveloped brain.
In response to the report of serial cephalocentesis, fetal interventionists hypothesized that continuous drainage of the ventricles was needed to effectively treat fetal hydrocephalus. Therefore, the ventriculoamniotic (VA) shunt was developed to divert cerebrospinal fluid from the ventricles to the amniotic fluid space in a male fetus with hydrocephalus [3] . In the first reported case, a Silastic ® shunt (Dow Corning, MI, USA) was inserted percutaneously and under sonographic guidance into a fetal ventricle at 24 weeks' gestation [1] . The fetal head subsequently grew normally until 32 weeks. However, the shunt failed 2 weeks later, necessitating delivery at 34 weeks. Despite this, the treating team tentatively concluded that the child had benefited from the intervention, arguing that both the lack of typical disfigurement and relatively mild postnatal neurologic symptoms were a direct result of the VA shunt.
Further studies on VA shunting were not as encouraging. Notably, Frigoletto et al. reported the results of a VA shunt inserted at 24 weeks' gestation in a fetus with hydrocephalus and a facial cleft [4] , and Depp et al. reported shunting a fetus with hydrocephalus and Dandy-Walker malformation [5] . Unfortunately, the first infant developed diabetes insipidus, seizures and sepsis, ultimately dying at 5 weeks of age. The second child developed spastic diplegia, hemiparesis and significant developmental delay. Both of these cases helped underscore the importance of patient selection prior to the undertaking of any fetal intervention. [6] . In 1986, the Fetal Surgery Registry reported the results of 41 fetal interventions for progressive hydrocephalus [7] . The effectiveness of VA shunting for hydrocephalus was deemed inconclusive. Moreover, they reported technical issues common with postnatal shunting, such as malfunction and dislodgement. According to the group, the repeated procedures associated with addressing these issues unnecessarily increased morbidity for both mother and fetus without providing any established benefit. In summary, the main problem that had plagued earlier procedures -patient selectionjoined new, equally challenging problems: technical failures, the morbidity of repeat procedures, the lack of a control group and even abandonment of the Registry's guidelines. Ultimately, fetal surgeons placed a de facto moratorium on fetal surgery for hydrocephalus -a moratorium that remains in place today [1] . A decade that had begun with promise for fetal neurosurgery had ended without major successes. However, these initial disappointments highlighted important lessons and paved the way for future applications of fetal surgery.
Lessons learned
In response to the first report on serial cephalocentesis in 1981, there were already concerns in the medical community for 'unwarranted meddling without adequate information' [8] . Critics pointed out that by focusing solely on one easily identifiable process such as hydrocephalus, early interventionists neglected the fact that these fetuses often had other more serious abnormalities. At the original meeting of the IFMSS, the issue of patient and disease selection was "the most difficult problem in prenatal management" [6] . The goal would be to exclude those patients with the most severe lesions (for whom there was little benefit to justify the risks), but avoid intervening in patients for whom standard postnatal management was deemed curative. This dilemma would shape the future application of fetal surgery and remains one of the most important questions facing fetal surgeons today.
In addition, these early attempts at fetal intervention highlighted the gap in medical knowledge as to the pathophysiology of congenital diseases. Critics rightfully noted that many attempts at fetal intervention (e.g., in the case of hydrocephalus) were based on assumptions drawn from observations in the newborn period [8] .
The "assumption that increased intracranial pressure during fetal life retards cerebral development, and the converse proposition that relieving that pressure will ameliorate that process" were both unproven at the time of the first human reports [2] . For some congenital anomalies, we now know that the fetal environment does not translate directly to the postnatal environment [9] . This understanding has led to stricter criteria for offering fetal intervention. Given the leap to human intervention, the focus needed to be shifted back towards better documentation of the natural history of congenital diseases and a greater emphasis placed on experimental animal models.
In addition to a better understanding of basic fetal processes, improvements in prenatal diagnosis and advances in surgical technique have contributed greatly to the expansion of the number of congenital anomalies treated by fetal surgery. Improved fetal ultrasonography has been the most significant recent advance in prenatal diagnosis. Experienced ultrasonographers now routinely assess not only CNS-related anatomy (i.e., ventricles, posterior fossa and spine), but also other anomalies that may indicate increased risk for a genetic syndrome [10] . Ultrasonography also provides prognostic information that may be used to counsel families (e.g., by determining the level of a spinal defect in a myelomeningocele [MMC] ). In addition, ultrasonography is used routinely in the operating room for a variety of purposes, from mapping the placenta prior to uterine incision to monitoring the fetal heart rate. As an adjunct to ultrasound, fetal MRI provides additional information that was not available to early fetal surgeons, especially regarding structural brain abnormalities such as heterotopias.
Advances in surgical instrumentation have also vastly improved the surgical technique of fetal surgery. Initially, open surgery had to be used for any major fetal operation. However, most fetal surgeries today are accomplished either wholly or in combination with a percutaneous or minimally invasive method [11] . Unique surgical instruments such as absorbable staplers and back-biting uterine clamps were developed specifically for use in fetal surgery. In addition, future science group Fetal neurosurgery: current state of the art Special Report advances in anesthesia and tocolytics have minimized preterm labor and membrane rupture. Despite these improvements, the application of fetal surgery to CNS disorders remained delayed due to the early setbacks associated with the treatment of hydrocephalus [12] . One notable exception to this delay has been fetal surgery to treat MMC [13] .
Modern applications of fetal neurosurgery
Neural tube defects are the most common CNS abnormalities diagnosed by prenatal ultrasound [14] . Along with hydrocephalus, MMC was one of the first proposed targets for fetal surgery [15, 16] . In striking contrast to the abandonment of interventions for hydrocephalus, MMC repair is the most common open fetal surgery performed today (Figure 1 ) [17] .
Why myelomeningocele?
The primary rationale for the in utero repair of MMC is the 'two-hit hypothesis' [18] . That is, despite the primary developmental defect in neurulation, a secondary process of neuronal injury occurs in the intrauterine environment. In support of this theory, researchers have demonstrated the progressive loss of spinal cord function in the prenatal period [19, 20] . In addition, amniotic fluid itself may be damaging to the neural tissue [18] .
Animal studies
Various small and large animal models have been described, dating back to rabbits [16] and primates in 1984 [18] . The large animal model for MMC became the most relevant because it reproduced the secondary intrauterine damage postulated by the two-hit hypothesis better. Since the 1990s, the most widely used model for MMC is a surgically created defect in fetal lambs. The low incidence of preterm labor in pregnant sheep, compared with other large animals, makes them an especially good candidate, given that they endure two major operations. In Figure 1 . Open fetal surgery for myelomeningocele. Following maternal laparotomy and hysterotomy, the myelomeningocele is exposed using unique back-biting clamps. Intraoperative ultrasonography is used for fetal cardiac monitoring.
future science group Special Report Saadai, Runyon & Farmer this model, a MMC defect is made in the fetal lamb at gestational age 75 days (corresponding to ~20 weeks in the human). It is then repaired at age 100 days (term = 145 days). The most promising of these studies showed reversal of both lower extremity damage and hindbrain herniation in lambs [21, 22] . These results provided the major impetus for the transition to human repair.
The disadvantage of all surgically created animal models of MMC is that they fail to address the 'first hit' (i.e., the developmental failure in neurulation). An ideal animal model would thus recreate both the developmental and traumatic causes of MMC, but such a model has yet to be designed. However, despite their limitations, the sheep experiments of the mid-1990s are greatly responsible for advancing the field of fetal surgery for MMC and, by extension, fetal neurosurgery in general.
Human experience
The development of intracranial abnormalities, specifically Chiari malformations and hydrocephalus, has a clear association with MMC. Although the pathophysiology of cranial disturbances has yet to be fully explained, the most promising outcome of human intrauterine MMC repair has been a decreased incidence of postnatal shunt placement [23, 24] . However, the benefit of fetal MMC repair on other manifestations of MMC (e.g., extremity neuropathy, bladder and bowel dysfunction or musculoskeletal deformity) has yet to be demon strated. Given the uncertain benefit of fetal versus traditional postnatal repair, a multi-institutional NIH-sponsored randomized controlled trial (Management of Myelomeningocele Study [MOMS] ) was initiated in 2003 to address this question [13] . It aims to enroll 200 patients and is nearing completion, although final outcomes will not be known for several more years.
Minimally invasive repair
Given the morbidity associated with maternal laparotomy and hysterotomy in open fetal MMC repair, a minimally invasive approach would be one of the most promising improvements in fetal MMC repair. Fetoscopic techniques have been attempted to minimize maternal and fetal morbidity. However, these approaches were abandoned due to technical difficulties in performing an adequate back closure [24, 25] . Since then, researchers have published reports on newer fetoscopic [25] , percutaneous [17] and gasless [26] approaches to human MMC repair.
Results of these minimally invasive techniques have been mixed, and their use for MMC repair has not been widely adopted. Given continued improvements in technology and the overall progression towards minimally invasive surgery, it is expected that a less invasive method for MMC repair will eventually gain favor.
At present, newer technologies using biodegradable scaffolds [27] , bioadhesives [28] and stem cells [29] are being studies in animals. Preliminary results using these materials in fetal lambs have thus far been no worse than traditional repair when compared separately. Stem cell therapy is particularly enticing if it lives up to its hypothesized potential for neuronal restoration and functional recovery of the spinal cord [30] . Researchers hope that these methods can demonstrate superiority over traditional closure and are able to be translated to human fetal repair in the near future. The results of these animal experiments and their translational potential to humans will shape the future of fetal MMC repair.
Future directions
Besides early studies on hydrocephalus and continued interest in MMC, few other neurological diseases have been studied with fetal intervention in mind. With an increased understanding of congenital diseases and improvements in surgical technique, the time is now ripe for an expansion of the role of fetal neurosurgery. Encephaloceles and vascular CNS anomalies represent just two examples where the role of fetal surgery may be expanded [1, 31] . For example, fetal repair of select posterior encephalo celes could, in theory, be approached similarly to fetal MMC repair in order to minimize neurological damage. Another theoretical advantage over postnatal surgery is that some lesions, such as vein of Galen malformations, could be approached by endovascular techniques to prevent steal and brain resorption during the fetal period. In addition, success with MMC repair, a better understanding of pathophysiological processes and advancements in fetal surgery for other congenital diseases have intensified calls for a revisit of the 25-year moratorium on fetal surgery for hydrocephalus [32] [33] [34] . Ultimately, successful outcomes with in utero MMC repair will most contribute to the expansion of fetal neurosurgery to other congenital diseases.
Gene therapy
In the meantime, other indirect applications of fetal neurosurgery are emerging. One of the most interesting is gene therapy for congenital future science group Fetal neurosurgery: current state of the art Special Report neurodegenerative disorders. Gene therapy has already been used clinically to treat adult neurodegenerative diseases such as Huntington's disease and Parkinson's disease with some degree of success [35] . In 2009, researchers at the UCSF, in conjunction with the biotechnology company StemCells, Inc. (CA, USA), began the first ever Phase I clinical trial in the congenital myelination disorder Pelizaeus-Merzbacher disease [101] . Pelizaeus-Merzbacher disease is one of the classes of inherited leukodystrophies characterized by a progressive degeneration of myelin. It has variable symptomology but in its severest form leads to progressive neurological dysfunction and premature death. The current trial aims to enroll four children with the severe form and to intracranially transplant human neural stem cells. The aim is to initiate regeneration of myelin around demyelinated nerve fibers. Human neural stem cells have also been applied to the lysosomal storage disease neuronal ceroid lipofuscinosis, also known as Batten disease. Initial results have demonstrated safety, but further studies will be needed to demonstrate efficacy [36] .
A unique restriction of gene therapy for CNS disorders is the necessity of using surgically infused viral vectors because, unlike peripheral manifestations of inherited metabolic disorders, the BBB limits enzyme-replacement therapy. Because all clinical trials must address this challenge, a neurosurgeon is essential to the implementation of current gene therapies. As with surgical therapy for any progressive congenital disease, earlier (i.e., prenatal) intervention would theoretically increase its therapeutic potential by promoting healing prior to irreversible organ damage [37] . If results of adult CNS gene therapy trials do show efficacy in ameliorating symptoms, then fetal surgery could play a role in the application of stem cells even prior to birth. In time, one could envision fetal neurosurgeons applying gene therapy prenatally for patients with genetically confirmed adult neurodegenerative diseases such as Huntington's disease or familial forms of Parkinson's disease. In addition, evidence of prenatal immunological tolerance may one day obviate the need for long-term immunosupression and is one of the most exciting aspects of in utero stem cell transplantation.
Specialized neurocritical care
Supportive measures in the neonatal period will be vital if we are to expand fetal neurosurgery to other CNS disorders. Because fetal surgery predisposes to fetal prematurity and thus neonatal cerebral injury, the postnatal management of these patients is dependant upon neonatal neuro protective measures. The world's first neuro intensive care nursery was opened in 2008 to specifically study and treat neonatal cerebral injury [38] . The goal of the neurointensive care nursery is to employ specialized neuroprotective treatment strategies, such as therapeutic hypothermia, continuous EEG monitoring and regular-interval neuroimaging, on at-risk newborns including fetal surgery patients. The hope is that specialized neurocritical care will improve neurodevelopmental outcomes in these newborns, as it has in adults.
Conclusion
Fetal neurosurgery is an exciting addition to the narrative of fetal surgery. A total of 30 years of research and progress on congenital disorders have reopened the door for the application of fetal surgery to CNS disorders. With the advent Executive summary Early promise n Despite early promise, there has been a delay in the application of fetal surgery to congenital CNS malformations.
Lessons learned
n Improvements in patient selection, our understanding of congenital pathophysiology and improved fetal surgical techniques have reopened the potential for applying fetal neurosurgery to other congenital CNS malformations.
Modern applications
n Open fetal neurosurgery for myelomeningocele represents one relative success and has the most potential for changing current standard-of-care treatment.
n Modern stem cell and bioengineering technologies are being used in animal experiments to improve upon fetal neurosurgery for myelomeningocele.
Future directions
n Fetal neurosurgery can potentially be expanded to other congenital CNS disorders. n Fetal application of neural stem cells may be used to treat debilitating congenital neurological diseases prenatally. n Advancements in neonatal neuroprotective measures will be vital to the expansion of fetal neurosurgery to other CNS disorders.
future science group Special Report Saadai, Runyon & Farmer of new technologies, gene therapy and specialized neurocritical care, the future of fetal neurosurgery is more promising than ever before.
Future perspective
Physicians could hardly envision operating on a human fetus 30 years ago, let alone imagine the variety of complex fetal surgeries performed today. From the first simple needle aspirations to the coordinated intricacy of an ex utero intrapartum treatment (also known as EXIT) procedure of today, fetal surgery has been performed for over two dozen major diseases. Within this greater context, the field of fetal neurosurgery is still in its infancy and its potential remains untapped. It is hoped that within the next decade, promising outcomes from the fetal repair of MMC will inaugurate a renewed interest in fetal surgery for both congenital and adult neurological diseases. As this interest translates into an expansion of fetal neurosurgery as a true specialty, the role of the fetal neurosurgeon will become ever more defined and vital as a specialist in the greater field of fetal surgery. 
